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In their paper, Heng and Wang (2016) purport to
clarify what they believe is a recent debate concerning
‘‘whether surface friction contributes positively or
negatively to tropical cyclone (TC) intensification’’
(p. 1315). The study is based on a thought experiment
involving ‘‘two idealized numerical experiments, one
without and the other with surface friction, using the
fully compressible, nonhydrostatic TC model, version
4 (TCM4), with prescribed eyewall heating’’ (p. 1315).
The ‘‘debate’’ appears to refer to the efficacy of the
boundary layer spinup mechanism articulated by
Smith et al. (2009) and its role in exerting a control on
the dynamics of vortex intensification and structure
change as discussed by Kilroy et al. (2016).
A main conclusion is that ‘‘with surface friction in-
cluded, the intensification rate of the TC vortex is
largely reduced, indicating that surface friction con-
tributes negatively to TC intensification’’ and that
‘‘although surface friction largely enhances the boundary
layer inflow and the contraction of the radius of maxi-
mum wind (RMW), the positive tangential wind ten-
dency resulting from the frictionally induced inward
absolute angular momentum (AAM) transport in the
boundary layer is not large enough to offset the negative
tendency due to the direct frictional loss of AAM to the
surface’’ (p. 1315).
To the casual reader, these results would appear
to refute the validity of the boundary layer spinup
mechanism in tropical cyclones. We argue here that
the thought experiment and supporting numerical sim-
ulations used to cast doubt on this mechanism are ill
conceived for a number of reasons, not the least of
which is the fact that this spinup mechanism depends
on the presence of friction. The conclusion that ‘‘with
surface friction included, the intensification rate of the
TC vortex is largely reduced, indicating that surface
friction contributes negatively to TC intensification’’
is akin to saying that it is harder to accelerate one’s
automobile with the brake on, a fact that is hardly
controversial. However, we would suggest that Heng
and Wang’s simulation that excludes friction is irrel-
evant to the debate. In that case, there is no boundary
layer in which spinup can occur. The issue is not
whether the spinup is weaker in the presence of fric-
tion; it is whether the maximum tangential wind speed
is largest in the boundary layer in the case with friction
and why.
In a nutshell, the boundary layer spinup mechanism
may be understood as follows. It is well known that
air parcels converge comparatively rapidly in the
boundary layer because, unlike the flow above the
layer, which is in approximate gradient wind bal-
ance, the flow is subgradient—that is, the sum of the
centrifugal force and Coriolis force acting on an air
parcel is less than the inward-directed pressure gra-
dient [e.g., Montgomery and Smith (2017) and refer-
ences therein].
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As the air parcels spiral cyclonically inward in the
boundary layer, they lose some of their absolute angular
momentum M to the surface on account of the oppos-
ing frictional torque. However, since the tangential
wind component y is related to M by the formula
y5M/r2 (1/2)fr, where r is the radius and f is the Cori-
olis parameter, ymay increase significantly as r decreases.
Indeed, the increase in y may be large enough for y to
exceed its local (gradient) value (say yg) at the top of the
boundary layer, if the fractional rate of loss of M is less
than the relative rate of decrease in r following an air parcel.
Since the rate of loss of M decreases with the number of
spirals the air parcel makes for a given radial displacement,
the rate is amonotonically decreasing function of the inflow
speed. However, the loss rate increases monotonically with
the surface drag and, thus, the frictional torque.
If y does exceed yg at some radius, the agradient force
(the sum of the centrifugal, Coriolis, and pressure gra-
dient forces) acting on an air parcel is positive and we
say that the flow there is supergradient. If this happens,
the agradient force combines with the radial frictional
force to produce a rapid deceleration of inward-moving
air parcels, whereupon the flow turns upward. As air
parcels are expelled vertically from the boundary layer,
they carry their tangential momentum with them and
the positive agradient force drives them outward while
approximately conserving theirM. As a result, y decreases
as the air parcels adjust toward a new state of gradient
balance above the boundary layer.
Whether or not y does actually exceed yg at some in-
ner radii can be ascertained only by doing a nonlinear
boundary layer calculation or a full vortex simulation,
although the foregoing considerations show this to be a
plausible possibility. Indeed, many tropical cyclone
simulations show that the maximum tangential wind is
located within the strong inflow layer (e.g., Zhang et al.
2001; Smith et al. 2009; Persing et al. 2013) as do many
recent observational analyses of real storms (e.g.,
Kepert 2006a,b; Bell and Montgomery 2008; Zhang
et al. 2011; Sanger et al. 2014; Montgomery et al. 2014).
In particular, both simulations and observations of in-
tensifying and mature tropical cyclones show regions of
supergradient flow as the air decelerates radially in the
boundary layer and turns upward into the eyewall (Bao
et al. 2012; Smith et al. 2009; Montgomery et al. 2014).
The most surprising aspect of Heng andWang’s paper
is that after spending a whole introduction casting doubt
on the efficacy and importance of the boundary layer
spinup mechanism, they point out on page 1320 and
show in Fig. 3d that the maximum tangential wind speed
in their simulation with friction included ‘‘occurs in the
interior region in the boundary layer.’’ If this is not
simply the boundary layer spinup mechanism at work,
we wonder how they explain this result? It is certainly
not the classical (or conventional) balance spinup
mechanism,1 which they argue on page 1316 to be the
explanation for spinup. Indeed, the authors themselves
appear to unconsciously support the boundary layer
spinup mechanism articulated above in their statement
in the abstract: ‘‘Although surface friction shows an
overall net negative effect on TC intensification, it
plays a critical role in producing the realistic boundary
layer structure with enhanced inflow, a low-level jet in
tangential wind with supergradient nature [emphasis
ours], and a shallow outflow layer at the top of the inflow
boundary layer’’ (p. 1315). What other mechanism
would produce the supergradient winds?
It would seem to us that one of Heng and Wang’s
concluding statements that ‘‘The negative contribution
of surface friction to TC intensification found in this
study contradicts the positive contribution hypothesis of
Smith et al. (2009)’’ (p. 1331) is misconstrued as the
authors demonstrate nicely with their model simulation
with friction included that ‘‘the hypothesis’’ is alive and
well. Rather than ‘‘clarifying the debate’’ concerning the
boundary layer spinup mechanism, Heng and Wang
seem to have misunderstood and confused the issues
involved.
Acknowledgments. We thank Gerard Kilroy for his
perceptive comments on an earlier draft of this manu-
script. RKS acknowledges financial support for this re-
search from the German Research Council (Deutsche
Forschungsgemeinschaft) under Grant SM30-23 and the
Office of Naval Research Global under Grant N62909-
15-1-N021. MTM acknowledges the support of NSF
AGS-1313948, NOAAHFIP Grant N0017315WR00048,
NASA Grant NNG11PK021, and the U.S. Naval
Postgraduate School.
REFERENCES
Bao, J., G.Gopalakrishnan, S.G.Michelson, andM.T.Montgomery,
2012: Impact of physics representations in the HWRFX
on simulated hurricane structure and pressure–wind re-
lationships. Mon. Wea. Rev., 140, 3278–3299, doi:10.1175/
MWR-D-11-00332.1.
Bell, M. M., and M. T. Montgomery, 2008: Observed structure,
evolution, and potential intensity of category 5 Hurricane
Isabel (2003) from 12 to 14 September. Mon. Wea. Rev., 65,
2025–2046, doi:10.1175/2007MWR1858.1.
Heng, J., and Y. Wang, 2016: Nonlinear response of a tropical cy-
clone vortex to prescribed eyewall heating with and without
1 See Montgomery and Smith (2014) or Montgomery and Smith
(2017) for an in-depth discussion of this and other mechanisms
of spinup.
5102 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 73
surface friction in TCM4: Implications for tropical cyclone
intensification. J. Atmos. Sci., 73, 1315–1333, doi:10.1175/
JAS-D-15-0164.1.
Kepert, J. D., 2006a: Observed boundary layer wind structure and
balance in the hurricane core. Part I: Hurricane Georges.
J. Atmos. Sci., 63, 2169–2193, doi:10.1175/JAS3745.1.
——, 2006b: Observed boundary layer wind structure and balance
in the hurricane core. Part II: Hurricane Mitch. J. Atmos. Sci.,
63, 2194–2211, doi:10.1175/JAS3746.1.
Kilroy, G., R. K. Smith, and M. T. Montgomery, 2016: Why do
model tropical cyclones grow progressively in size and decay
in intensity after reaching maturity? J. Atmos. Sci., 73, 487–
503, doi:10.1175/JAS-D-15-0157.1.
Montgomery, M. T., and R. K. Smith, 2014: Paradigms for tropical
cyclone intensification. Aust. Meteor. Oceanogr. J., 64, 37–66.
[Available online at http://www.bom.gov.au/amoj/docs/2014/
montgomery_hres.pdf.]
——, and——, 2017: Recent developments in the fluid dynamics of
tropical cyclones. Annu. Rev. Fluid Mech., doi:10.1146/
annurev-fluid-010816-060022, in press.
——, J. A. Zhang, and R. K. Smith, 2014: An analysis of the ob-
served low-level structure of rapidly intensifying and mature
Hurricane Earl (2010).Quart. J. Roy. Meteor. Soc., 140, 2132–
2146, doi:10.1002/qj.2283.
Persing, J., M. T. Montgomery, J. McWilliams, and R. K. Smith,
2013: Asymmetric and axisymmetric dynamics of tropical cy-
clones. Atmos. Chem. Phys., 13, 12 299–12 341, doi:10.5194/
acp-13-12299-2013.
Sanger, N. T., M. T. Montgomery, R. K. Smith, and M. M.
Bell, 2014: An observational study of tropical cyclone
spinup in Supertyphoon Jangmi (2008) from 24 to
27 September. Mon. Wea. Rev., 142, 3–28, doi:10.1175/
MWR-D-12-00306.1.
Smith, R. K., M. T. Montgomery, and S. V. Nguyen, 2009: Tropical
cyclone spin-up revisited. Quart. J. Roy. Meteor. Soc., 135,
1321–1335, doi:10.1002/qj.428.
Zhang, D.-L., Y. Liu, and M. K. Yau, 2001: A multiscale nu-
merical study of Hurricane Andrew (1992). Part IV: Un-
balanced flows. Mon. Wea. Rev., 129, 92–107, doi:10.1175/
1520-0493(2001)129,0092:AMNSOH.2.0.CO;2.
Zhang, J. A., R. F. Rogers, D. S. Nolan, and F. D. Marks, 2011: On
the characteristic height scales of the hurricane boundary
layer. Mon. Wea. Rev., 139, 2523–2535, doi:10.1175/
MWR-D-10-05017.1.
DECEMBER 2016 CORRES PONDENCE 5103
